To determine whether microscopically visible double-minute chromosomes (DMs) 
Genomic amplifications are mutations associated with drug resistance and tumor progression in mammalian cells (25, 29, 31) . Amplifications result from chromosomal rearrangements that lead to multiple gene copies and overproduction of the product of the amplified gene. If the overproducing cell derives a growth advantage from this rearrangement, its descendants will come to dominate a population. Amplified genes have been associated with two types of microscopically visible aberrant chromosome structures: expanded chromosomal regions, referred to as homogeneously staining regions (HSRs) (18) , and extrachromosomal acentric fragments, referred to as double-minute chromosomes (DMs) (for reviews, see references 7 and 26) .
Highly amplified genes in HSRs have been studied extensively in hamster cells and have been found to consist of tandem repeats of DNA arranged as either head-to-head or head-to-tail repeats (14, 16, 17, 19, 22) . The repeated units have been shown to be 200 to 500 kb in size (13, 17) . Much less is known about the DNA in DMs beyond the observation that they appear to be circular DNA when examined with the electron microscope (12) or with pulsed-field gel electrophoresis (PFGE) (11, 20, 21, 28) and that their sizes range from 120 kb (30) to large enough to be visible microscopically (greater than 5 million bp).
The initial molecular events underlying the formation of either of these structures are at present unknown. Attempts to elucidate the mechanism of gene amplification have been hampered by the fact that amplification is a rare event to 10-7 per cell per generation) involving relatively large segments of chromosomal DNA. The large size of the genomic region undergoing amplification has meant that molecular biological techniques, e.g., cosmid cloning and * Corresponding author. chromosome walking, have required tremendous amounts of labor to characterize these regions (8, 9, 16) . Biedler and coworkers (2, 3) exploited the involvement of large regions of DNA by using cytogenetic studies of Giemsa-banded metaphase chromosomes from drug-resistant Chinese hamster lung cells. These authors reported that the amplified gene is frequently on HSRs at locations other than the normal location of the gene undergoing amplification. On the basis of these observations, they proposed that gene amplification involves a transient extrachromosomal step. Similarly, since many DNA-damaging agents such as X rays induce both chromosomal breakage and gene amplification, Hahn et al. (10, 11) and Ruiz and Wahl (23) DMs have been proposed to arise by a similar mechanism. Carroll et al. (4) have reported that N-phosphonacetyl-Laspartate-resistant Syrian hamster cells, which generally amplify carbamylphosphate synthetase-aspartate transcarbamylase-dihydroorotase genes as HSRs, on one occasion amplified these genes on 250-kb circular molecules. Some of these cells were subsequently shown to contain deletions of the chromosomal copy of the genes (originally introduced by transfection). Some also contained a 500-kb circular DNA molecule in addition to the 250-kb circle. These circular DNAs were shown to be capable of reintegration into new locations. On the basis of these observations, these authors proposed a general model for both DM and HSR formation. The first step is deletion or chromosome breakage followed by the formation of small (120-to 250-kb) circular autonomously replicating DNAs. The authors suggested that these structures, which they called episomes, are capable of enlarging over time to form DMs as well as reintegrating into new chromosomal locations to form HSRs.
However, data from cell lines that typically amplify genes primarily as DMs are not entirely consistent with this view. Pauletti et al. (20) , using PFGE to separate X-ray-linearized large circular DNA, have reported that HeLa cells resistant to MTX have amplified a 650-kb circular DNA molecule that showed no tendency either to enlarge or to integrate into the genome during the course of the study. They proposed the term "amplisomes" to describe these structures to distinguish them from episomes, since the structures that they observed showed no tendency to enlarge or reintegrate. Similarly, Hahn et al. (11) have reported stable 1-, 1.5-, and 3-Mb circular DNAs in MTX-resistant mouse EMT-6 cells. However, in neither of these studies were the circular molecules detected at the very first amplification step, although the HeLa amplisomes were detected quite early, nor were any mapping studies performed, leaving open the possibility that these circular DNAs originated as smaller (or larger) units.
We have investigated 10 independently isolated mouse EMT-6 colonies that were each resistant to a first step of 0.15 ,uM MTX and which were subsequently exposed to successive doublings in MTX concentration. We report that these cells amplified the DHFR gene on variably sized (1-to 5-Mb) circular DNA molecules that increased in copy number without further detectable rearrangements.
MATERIALS AND METHODS
Cells and cell cultures. The isolation of the first-step 0.15 p,M MTX-resistant mouse EMT-6 cell strains used for this study has been previously described (10) . Briefly, 10 Electrophoresis conditions: whole DMs. Slices of the plugs were exposed to 40 Gy of X irradiation (Philips 320-keV industrial irradiator at 3 Gy/min) to linearize circular DMs (21, 28) , placed into the wells of a gel (1% agarose in lx Tris-borate-EDTA), and electrophoresed in a contourclamped homogeneous electric field apparatus (5) with ramped pulse times of 6, 12, 24, 42, 66, and 96 min (1). The pulse times were programmed to cycle continuously in a series with 6 min in each direction followed by 12 min, etc. After the 96-min pulse times, the cycle started back at 6 min. Therefore, each cycle takes 492 min. The ramping of the pulse times is necessary to increase the range of molecules separated and eliminate discontinuities in the mobility of DNA as a function of molecular weight. These conditions result in a roughly log-linear (molecular weight-distance migrated) separation of DNA molecules with sizes between 0.2 to 7 Mb.
Restriction enzyme digestion. Prior to electrophoresis, plugs were redigested overnight with fresh ESP at 55°C and washed twice for 20 min with Tris-EDTA (TE), twice with TE plus 1 mM phenylmethylsulfonyl fluoride, and twice again with TE. Thin slices of the plugs were rinsed with restriction enzyme buffer and then digested with the restriction enzyme overnight at 37°C as described by the manufacturer. The plug slices were then placed at 55°C for 30 min after the addition of 200 ,ul of ESP.
Restriction fragment electrophoresis. Digested plug slices were placed into the wells of a 1% agarose gel and electrophoresed at 125 V with ramped pulse times of 60, 64, 68, etc., to 300 s, repeated continuously for 3 days.
Hybridization conditions. Following electrophoresis, the gels were stained with ethidium bromide, photographed, and blotted onto Hybond-N nylon membranes (Amersham). The membranes were hybridized (6) against pSV2dhfr to detect the DHFR-containing DMs and restriction endonuclease digestion products and were then autoradiographed (1, 11) .
Cytogenetics. Colcemid-arrested metaphase chromosomes were prepared as previously described (11) .
RESULTS
Experimental design. To determine whether DMs undergo significant rearrangements or size changes during gene amplification, 10 independent isolates of MTX-resistant mouse EMT-6 cells were grown in successive doublings of MTX concentrations (15) . These cells were first isolated as 10 single colonies resistant to 0.15 ,uM MTX. At every other doubling in MTX, the cells were prepared for analysis by PFGE and metaphase cells were prepared for cytogenetic analysis. All were shown to have amplified the DHFR gene (11) . The five isolates from the unirradiated EMT-6 cells were isolated from five different dishes but from the same starting population. Therefore, some of these isolates may represent multiple recoveries of descendants of a single original event. The five isolates from the irradiated population, on the other hand, received a radiation dose that increases the MTX resistance frequency in the survivors 100-fold, so that these isolates have, at most, only a 1% chance of being related to the cells from the parental unirradiated population. An important difference between the irradiated and the unirradiated cells is that the initial events in the unirradiated population probably occurred long before the MTX selection was applied, whereas the X-rayinduced events occurred only 1 day prior to selection (i.e., the day of X-ray exposure).
Microscopically visible DMs. The first-step isolates resistant to 0.15 ,uM MTX all showed the presence of microscopically visible DMs (Fig. 1) . To determine whether the number of microscopically visible DMs increased with increasing levels of MTX resistance, we prepared metaphase spreads of EMT-6 isolate A cells resistant to 0.15, 0.6, and 2.4 ,uM MTX, as well as wild-type EMT-6 sensitive cells, and counted the number of DMs present in 100 metaphase cells from each (Fig. 2) Since size is the only known difference between the microscopically visible DMs and the submicroscopic circular DNAs resolvable on pulsed-field gels, and since these size ranges are overlapping, we will refer to all of these structures by the older cytogenetic term "double-minute chromosome" rather than "episome" or "amplisome" to denote those DNAs resolvable by PFGE. However, "acentric circular chromosome fragment" would probably be more precise.
PFGE of X-ray-linearized submicroscopic DMs. Submicroscopic DMs can frequently be visualized following PFGE and Southern hybridization with a probe specific for the amplifying region (29) . This technique requires that the circular DMs be linearized by some means (generally X rays), because circular DMs do no enter a pulsed-field gel (21, 28) . Figure 3 shows the evolution of submicroscopic DMs in isolate A (one of the isolates from the unirradiated population) that were resolved by PFGE. We observed two molecular species 1 and 3 Mb in length following X-ray linearization. However, in contrast to the cytogenetic results showing that the DMs decreased in number with increasing resistance to MTX, the submicroscopic DMs seen as bands in Fig. 3 increased in hybridization intensity, with the smaller 1-Mb DM increasing much more than the larger 3-Mb DM. At the first step (0.15 ,uM MTX), these DMs are not readily apparent, and PFGE of the X-ray-linearized DMs alone would be insufficient to demonstrate that they are present at this step (this is shown below; see the Notl digests in Fig. 4) Attempts to find smaller DMs by using a higher radiation dose of 300 Gy combined with PFGE conditions specific for smaller DNAs or to find larger DMs by using a lower radiation dose of 2 Gy combined with lower voltages and conditions specific for resolving DNA up to 12 Mb were unsuccessful (data not presented). However, we cannot rule out the possibility that other size classes of DMs were present or were present prior to our analysis. The presence of microscopically observable DMs suggests that there were larger DMs that could not be detected by PFGE. However, the hybridization pattern in Fig. 3 obtained after (Fig. 3); i.e., a majority of DNA migrates as large but randomly broken molecules (greater than 2 Mb). A technical problem associated with DNA size determination by PFGE, which makes analysis more difficult, is that electrophoretic mobility can be significantly decreased by local DNA concentration overloading. This presents a unique problem for studies in which amplified DNA sequences are compared; DNA may be overloaded in one sample and not in another even though the same total amount of DNA was loaded in both cases. Additionally, because these high-molecular-weight DNA samples must be prepared in agarose plugs to prevent shearing, it is much more difficult to control the total amount of DNA loaded into any particular lane than if the samples were liquid. There is both uneven distribution of the cells embedded in the agarose and a greater degree of difficulty in controlling total sample volume. With restriction enzyme digestion, some regions within the agarose are less accessible than others, which makes it difficult to achieve complete digestions. Some DNA is-invariably nonspecifically trapped in the agarose plugs and unavailable for analysis. All of these factors complicate direct comparisons between two similar samples in adjacent lanes. Therefore, multiple comparisons are required to draw firm conclusions about molecular sizes.
NotI digestion of DMs. To determine whether major rearrangements had taken place in the region of the DHFR gene during amplification, we digested DNA from both MTXresistant and -sensitive cells with the rare-cutting restriction enzyme Notl (Fig. 4) . The NotI band containing the DHFR gene in the wild-type sensitive EMT-6 cells (more easily visible in Fig. 4B than Fig. 4A) (Fig. 4B, rightmost lane) , and these VOL. 12, 1992 increase in the copy number of the 0.68-Mb NotI band. Therefore, the 0.68-Mb NotI band probably comes from the 1-Mb DM. Likewise, the 0.5-Mb NotI band is probably cleaved from the DNA of the 3-Mb DM, since neither of these DNAs amplifies to a large extent.
The normal EMT-6 chromosomal DHFR gene resides on a 1-Mb NotI band (Fig. 4) that is approximately the same size as the 1-Mb DHFR-containing DM (Fig. 3) . Therefore, the amplified 1-Mb band from isolate A could be due either to partial cleavage of the amplified 1-Mb DM or to complete NotI cleavage of an amplified DHFR gene with a NotI B digestion pattern similar to that of the normal chromosomal gene and in which the amplification unit is much larger than 1 Mb (e.g., an HSR).
Since the DHFR gene on the 1-Mb DM resides on a 0.68-Mb NotI restriction fragment that is more than half the total size of the circular DM, this DM is most likely composed of either single-copy DNA or a simple inverted repeat. The DHFR gene occupies approximately 30 kb of chromosome, so if these genes were amplifying within the DMs, we could detect this amplification as an increase in the size of the DM. The NotI digestion patterns indicate that DMs do not undergo any detectable rearrangements during this process despite the months of growth in the presence of toxic levels of the DNA-damaging agent MTX. This finding is quite different from the observation in drug-resistant hamster cells containing HSRs that the DNA undergoes complex rearrangements (17, 24) . Fig. 2 . The EMT-6 cells were from a sensitive population; isolate A was isolated in 0.15 ,uM MTX as a single colony and then exposed to successive doublings in MTX. The probe was pSV2dhfr, so only the position of the DHFR gene can be seen. The two leftmost lanes (EMT-6 and isolate A resistant to 0.15 p.M MTX) were from an autoradiograph exposed overnight at -70°C, whereas the lanes on the right (isolate A resistant to 0.60 and 2.4 pFM MTX) are from an autoradiograph of the same membrane but exposed overnight at room temperature to reduce the signal intensity. Since these genes are amplified to increasing amounts, it is not possible to obtain a single autoradiograph of the membrane with all lanes visible in the same exposure. DMs-further amplification steps. As the MTX level increased further, there was very little change in the relative proportion of the 1-and 3-Mb DMs in isolate A, nor was there any obvious change in their sizes (Fig. 5A ). There was an increase only in the relative hybridization intensity. MTX from a population that had received 750 cGy (7.5 Gy) of X rays immediately prior to selection.
Isolate B (Fig. 5B) was similar but more heterogeneous; therefore, it was difficult to determine the stability of the DMs. However, a 1-Mb DHFR-containing DM dominates this population at higher levels of resistance (160 puM MTX lane in Fig. 5B ). There is also a NotI band in isolate B very similar in size to the NotI band from the 1-Mb DM in isolate A (Fig. 4) .
We also examined the other eight isolates to determine whether they had developed DMs and, if so, when. At 2.4 ,uM MTX (Fig. 6 ), only one of the eight, isolate F, had detectable levels of X-ray-linearized DMs, but five of the eight eventually showed the emergence of DMs small enough to enter a pulsed-field gel during the course of the experiment. They ranged in size from slightly less than 1 Mb to approximately 5 Mb (Fig. 6) These studies were specifically designed to characterize secondary processes in gene amplification and do not directly address the question of the mechanism of the origin of these structures. The fact that even in the first-step isolate A there were already at least three different molecular species, the 1-Mb, 3-Mb, and microscopically visible DMs, suggests that we are not looking at the immediate products of the initial gene amplification event. Rather, it is likely that these DMs arose in the first few cell divisions following the initial event, although perhaps many generations prior to placing the cells under selection for their presence. It is important to note that a significant percentage of the normal EMT-6 cells have microscopically observable DMs. If these are random pieces of chromosomal DNA, then some will have the DHFR gene on them. Selection for MTX resistance will therefore select for these cells. Similarly, it is likely that there are smaller ones as well, and it is possible that all three different molecular species present in isolate A at the first step of analysis were present prior to selection. We have previously isolated MTX-resistant variants of EMT-6 cells from the same parent population with 1-and 3-Mb DMs (10) , and these may represent independent isolations of descendants of the same mutation.
DHFR gene amplifications behave like classic mutations, i.e., those spontaneously generated or induced by mutagens such as X rays and revealed by selection. These results are consistent with our previous suggestion that the initial gene amplification event is similar to a gene deletion-type mutation. Selection, however, is for the cells harboring the deleted piece of chromosome now maintained as a circular acentric fragment rather than for the cell that lost the fragment.
